Serial Analysis of Gene Expression (SAGE) is a powerful expression profiling method, allowing the analysis of the expression of thousands of transcripts simultaneously. A disadvantage of the method, however, is the relatively high amount of input RNA required.
INTRODUCTION
Nearly all biological events like cell division and differentiation, responsiveness to hormones or growth factors and ultimately cell death are associated with changes in expression of key genes. In addition, extensive changes in gene expression occur during the onset and progression of disease. By comparing expression profiles under different conditions, individual genes or groups of genes can be identified that play an important role in a particular signalling cascade or process or in disease etiology, perhaps providing clues to the underlying molecular mechanism or even to their function.
Several methods have been developed to identify changes in expression profiles, including subtractive hybridisation (1, 2) , comparative EST analysis (3) (4) (5) (6) and differential display (7) (8) (9) (10) (11) . However, most of these methods are only capable of analysing limited numbers of transcript species simultaneously and do not provide quantitative data on expression levels. In addition, only changes in expression of abundant mRNAs can be detected.
The Serial Analysis of Gene Expression (SAGE) method, in contrast, allows qualitative and quantitative analysis of thousands of transcripts simultaneously (12) . In SAGE, short sequence tags (∼10 bp) are isolated from mRNA at a defined position, ligated to long multimers, cloned and sequenced. The frequency of each tag in the cloned multimers directly reflects transcript abundancy. In addition, the short tags are long enough to uniquely identify the corresponding transcript in database searches. Thus, SAGE results in an accurate picture of gene expression at both the qualitative and the quantitative level. In a single sequencing reaction over 30 tags can be read serially, an improvement of efficiency of at least 30-fold compared with conventional EST analysis (4, 13, 14) . Depending on the number of tags sequenced, changes in expression levels of rare transcripts can be detected. The power of SAGE for use in expression profiling has been nicely demonstrated in a number of studies, including characterisation of the entire yeast transcriptome (15) , identification of p53-regulated genes (16, 17) and analysis of expression profiles in normal versus cancer cells (18) .
A major drawback of SAGE is the requirement of a large amount of input RNA [2.5-5 µg poly(A) + RNA]. Although SAGE potentially has applications in many fields of research, its use is thus restricted to situations in which the amount of starting material is not limiting, such as yeast cultures, cell lines or large solid tumors. Analysis of changes in expression profiles in small or scarce biological samples, e.g. biopsies or post-mortem material, is not possible simply due to the fact that these tissue samples do not contain the required 2.5-5 µg mRNA. In addition, the analysis of expression profiles in complex tissues composed of highly heterogeneous cell populations is rather difficult, since transcriptional changes in a specific subtype of cells will be diluted by the expression profiles of other cell types present in the tissue, thus perhaps masking relevant changes in expression. In such cases it is preferable to specifically isolate the cell population of interest for expression profiling, rather than using the complex tissue as a whole. Although microdissection technology has Table 1 . Main differences between SAGE procedure and modified procedure for limited amounts of tissue improved significantly over the last years (19) , obtaining sufficient RNA from a specific subpopulation of cells is a laborious task. Finally, a disadvantage of SAGE is that it is characterised by a large number of sequential reactions and purifications, which can give rise to a significant loss of material.
To overcome some of the above-mentioned problems, we have developed a modified SAGE procedure, microSAGE, which allows use of very limited amounts of starting material (Table 1) . MicroSAGE is simplified due to the incorporation of a 'singletube' procedure replacing several of the many steps in SAGE. The single-tube procedure is not only easier to perform, but is also accompanied by less loss of material between subsequent steps. In addition, in microSAGE a limited number of additional PCR cycles are performed to generate sufficient ditag. We demonstrate that using microSAGE it is possible to zoom in on a highly specialised brain region and to obtain a region-specific SAGE expression profile. The present modified SAGE procedure opens up a multitude of new possibilities for expression profiling, for example when combined with microdissection to generate region-specific expression profiles of complex heterogeneous tissues. Moreover, it can be used for expression profiling in tissue biopsies, tumor metastases or in cases where tissue is scarce, i.e. post-mortem tissue.
MATERIALS AND METHODS

Punches of rat brain tissue sections
After decapitation, the rat brain was removed from the skull and rapidly frozen in isopentane on a mixture of dry ice and ethanol and stored at -80_C until further use. Alternating coronal sections of ∼75 and 325 µm were prepared using a cryostat at -18_C, thaw-mounted on poly-L-lysine-coated slides and stored at -80_C. The 75 µm sections were Nissl-stained with cresylviolet, while the 325 µm unstained sections were used for punching out the dentate gyrus of the hippocampus according to the Palkovits punch out technique (20) . Immediately before punching, the sections were removed from -80_C and placed in the cryostat at -18_C. The stained 75 µm sections, containing tissue which had been present on either side immediately adjacent to the 325 µm slice, served as landmarks to facilitate punching out of the correct region. Using a hollow needle (0.3 mm in diameter) chilled by dipping in liquid nitrogen, part of the inner blade of the dentate gyrus was removed, transferred to a tube containing 20 µl of TRIzol (Gibco BRL) and stored at 4_C until further use. After punching, the 325 µm sections were also Nissl-stained with cresylviolet to confirm removal of the correct region.
RNA isolation and cDNA synthesis
Punches stored in TRIzol were homogenised using a micropestle, which was rinsed with 180 µl of TRIzol, making the total volume 200 µl, and incubated for 5 min at room temperature. Alternatively, instead of adding 180 µl TRIzol, multiple homogenised punches can be pooled after homogenisation. RNA isolation with TRIzol was performed according to the manufacturer's instructions, using 1 µl of glycogen (20 mg/ml; Boehringer Mannheim) as a carrier in the precipitation. The washed RNA pellet was resuspended in 20 µl of lysis buffer (mRNA Capture Kit; Boehringer Mannheim). The RNA was enriched for polyadenylated RNA molecules using the mRNA Capture Kit (Boehringer Mannheim). First, 4 µl of a biotinylated oligo(dT) 20 primer (5 pmol/µl) was added to the RNA and annealed for 5 min at 37_C. Subsequently, the RNA was transferred to a streptavidincoated PCR tube and incubated for another 3 min at 37_C, thus immobilizing the mRNA fraction to the wall of the tube. Non-bound RNA was removed by gently washing three times with 50 µl washing solution (mRNA Capture Kit). After the final wash, the washing solution was removed and bound RNA was rinsed once with 50 µl 1× first strand buffer (50 mM Tris-HCl pH 8.3, 75 mM KCl, 3 mM MgCl 2 ; Gibco BRL). First strand cDNA synthesis was performed in the same tube and primed from the bound oligo(dT) 20 for 2 h at 42_C in a 20 µl reaction containing 4 µl 5× first strand buffer, 2 µl 0.1 M DTT, 1 µl 10 mM dNTPs, 1 µl SuperScript II RT (200 U/µl; Gibco BRL) and 12 µl DEPC-treated H 2 O. After removal of the first strand synthesis solution, the single-stranded cDNA bound to the PCR tube was rinsed once with 50 µl washing solution and then with 50 µl 1× second strand buffer (100 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 5 mM MgCl 2 , 0.15 mM β-NAD, 20 mM Tris-HCl pH 7.5, 0.05 mg/ml BSA). Double-stranded cDNA was synthesized in a 20 µl reaction volume containing 4 µl 5× second strand buffer, 0.4 µl 10 mM dNTPs, 1 µl DNA polymerase I (10 U/µl; Gibco BRL), 0.5 µl T4 DNA ligase (5 U/µl; Gibco BRL), 0.5 µl RNase H (1 U/µl; Boehringer Mannheim) and 13.6 µl H 2 O for 2 h at 16_C. The double-stranded cDNA was stored at -20_C until further use.
Anchoring and tagging of cDNA
After removal of the second strand reaction mixture, the double-stranded cDNA bound to the PCR tube was rinsed once with 50 µl washing solution and then with 50 µl 1× restriction buffer (50 mM potassium acetate, 20 mM Tris acetate, 10 mM magnesium acetate, 1 mM DTT pH 7.9; NEBuffer 4; New England Biolabs). The cDNA was digested with 20 U of the anchoring enzyme NlaIII (New England Biolabs) for 1 h at 37_C in a 25 µl reaction volume, followed by heat inactivation at 65_C for 20 min. After rinsing with 50 µl washing solution and 50 µl 1× ligase buffer (50 mM Tris-HCl pH 7.6, 10 mM MgCl 2 , 1 mM ATP, 1 mM DTT, 5% w/v PEG-8000; Gibco BRL), linkers 1 and 2 were added to the tube in a total volume of 25 µl consisting of 2.5 µl of each linker (100 ng/µl), 5 µl 5× ligase buffer and 15 µl LoTE (3 mM Tris-HCl pH 7.5, 0.2 mM EDTA pH 7.5). The linkers were annealed by heating for 2 min at 50_C followed by 15 min at room temperature and ligated after addition of 1 µl T4 DNA ligase (5 U/µl; Gibco BRL) for 2 h at 16_C. After ligation the reaction mixture was removed and the bound cDNA was rinsed with 50 µl washing solution and 50 µl 1× restriction buffer (NEBuffer 4; New England Biolabs). The cDNA tags were released by digestion with 2 U of the tagging enzyme BsmFI (2 U/µl; New England Biolabs) for 1 h at 65_C in a 25 µl reaction volume. After digestion, the reaction mixture was transferred to a new 1.5 ml tube and the volume was raised to 200 µl with LoTE. The mixture was extracted with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) (PCI), ethanol precipitated (200 µl sample, 3 µl glycogen, 100 µl 10 M ammonium acetate and 700 µl ethanol) by centrifugation at 13 000 r.p.m. for 15 min at 4_C. The pellet was washed twice with 70% ethanol and resuspended in 21.5 µl LoTE.
Ligation to ditags and PCR amplification
The released cDNA tags were blunt-ended at 37_C for 30 min in a 30 µl reaction containing 21.5 µl cDNA tags, 6 µl 5× second strand buffer, 0.5 µl BSA (10 mg/ml), 0.5 µl 25 mM dNTPs, 1.5 µl Klenow (1 U/µl; Amersham). PCI extraction and ethanol precipitation was performed as described above and the pellet was resuspended in 4 µl LoTE. Ligation to ditags was performed overnight at 16_C in a 6 µl reaction using 4 U T4 DNA ligase (5 U/µl; Gibco BRL). After ligation, the volume was raised to 20 µl by addition of 14 µl LoTE and 1 µl was diluted 100-fold. One microliter of the diluted ligation mixture was used as input in a 50 µl PCR reaction containing 8 mM MgCl 2 , 6% DMSO, 1 mM dNTPs and 350 ng of both SAGE primers (12, 15) in PCR buffer II (Perkin Elmer) using 5 U of AmpliTaq Gold (5 U/µl; Perkin Elmer) and amplified for 28 cycles of 30 s at 95_C, 1 min at 55_C and 1 min at 70_C with an initial heat activation of the enzyme for 15 min at 95_C and a final extension of 5 min at 70_C ( Fig. 2A) . The products derived from nine parallel reactions were pooled, extracted with PCI and ethanol precipitated. The pellet was washed with 70% ethanol, air-dried and resuspended in 100 µl LoTE. The entire sample was loaded on four lanes of a 12% polyacrylamide gel with a 10 bp ladder (Gibco BRL) as a marker. The region of the gel around 100 bp was excised across all four lanes of the gel and the gel was fragmented by spinning through a 0.5 ml tube, pierced with a 21 gauge needle, inserted in a 1.5 ml tube. The DNA was eluted from the gel fragments by adding 300 µl LoTE and incubating for 15 min at 65_C, followed by removal of the polyacrylamide on SpinX columns (Costar). After PCI extraction and ethanol precipitation, the pellet was resuspended in 1 ml LoTE and 1 µl was used as input in a 50 µl re-PCR using the same primers as described above. A series of PCR reactions was performed to determine the optimal number of cycles of re-PCR, ranging from 6 to 18 cycles. Subsequently, a large-scale PCR amplification was performed consisting of 96 100 µl PCRs to generate sufficient material for ditag isolation.
Ditag isolation and concatenation
The 96 parallel PCR reactions were pooled, extracted with PCI, ethanol precipitated and resuspended in 250 µl LoTE. The material was loaded on a total of 12 lanes of a 12% polyacrylamide gel. After ethidium bromide staining the upper band of ∼100 bp was excised and purified from the gel as described above and resuspended in 170 µl LoTE. The linkers were cleaved off by digestion with 100 U of NlaIII in a 200 µl reaction volume for 1 h at 37_C. After digestion, the material was PCI extracted at 4_C and subsequently ethanol precipitated by chilling for 10 min in a dry ice/ethanol bath and centrifugation for 15 min at 13 000 r.p.m. in a microcentrifuge at 4_C. The pellet was resuspended in 15 µl LoTE and loaded on two lanes of a 12% polyacrylamide gel with a 10 bp ladder as marker (Fig. 2B) . The ditag band running at 22-26 bp was excised and eluted as described above, except that the incubation was performed at 37 instead of 65_C. The pellet was resuspended in 7.5 µl LoTE. Purified ditags were ligated to concatemers by addition of 5 U T4 DNA ligase in a total volume of 10 µl for 30 min at 16_C and run in a single lane on an 8% polyacrylamide gel with a 100 bp ladder as a marker (Fig. 2C) . After ethidium bromide staining, the gel regions between 400 and 800 bp and >800 bp were excised and the concatemers were purified as described above with an incubation at 65_C. Purified concatemers were subsequently cloned in the SphI site of pZero (Invitrogen).
Sequencing and analysis of clones
PCR with vector-specific primers was performed on individual bacterial colonies containing cloned concatemers to determine insert length. Only PCR products >500 bp, which should contain at least 15 tags, were selected for sequence analysis. Direct sequencing of PCR products was performed using the BigDye Primer Kit (Perkin Elmer) and analysed using a 377 ABI automated sequencer (Perkin Elmer) according to the manufacturer's instructions. Sequence files were analysed using the SAGE program group (12, 15) .
Reverse northern blot analysis
RT-PCR products of six chosen genes corresponding to SAGE tags (novel G protein-coupled receptor, myosin light chain, cofilin, Stat5b, GAPDH and melatonin-related receptor) were generated. The primer sequences used to generate the RT-PCR products are listed below: novel G protein-coupled receptor, 5′-CTGAACGTC-TGTGTCATCGC-3′ and 5′-AACACATTGCAGCCAGTGC-3′; myosin light chain, 5′-TCTCCTCTTCGACAGAACCG-3′ and 5′-TCAACCTGATGTGTGTGCC-3′; cofilin, 5′-TTCGCAAGTC-TTCAACGCC-3′ and 5′-TGACCTCCTCGTAGCAGTTAGC-3′; Stat5b, 5′ -CTCCAGAACACGTATGACCG 3′ and 5′-CTTCTC-GATGATGAACGTGC-3′; GAPDH, 5′-ATTGTTGCCATCAA-CGACC-3′ and 5′-ATTGAGAGCAATGCCAGCC-3′; melatoninrelated receptor, 5′-ACTGTTCTGGATGTCCTGCC-3′ and 5′-TCAGGATT CTGTCCAGCTGG-3′. Cresylviolet-stained tissue sections of rat hippocampus. The 75 µm section (left) localized immediately adjacent to the 325 µm section was stained prior to punching and facilitates identification of the correct anatomical region within the unstained 325 µm section. A higher magnification of the inner blade of the dentate gyrus of an adrenalectomised rat shows the presence of multiple neurons with a clearly apoptotic morphology, an example of which is marked with an arrow (middle). After removal of this region with a punch needle, the 325 µm slice was stained to check the location of the punch (right). RNA isolated from correctly localised punches was subsequently used as input in the microSAGE procedure.
Equimolar amounts of the PCR products (500 ng of a 1 kb product) were denatured by adding 0.4 M NaOH/10 mM EDTA and heating to 100_C for 10 min. The denatured DNA samples were subsequently applied to a Bio-Dot Microfiltration apparatus (Bio-Rad) and dot-blotted onto Hybond N + according to the manufacturer's recommendations. Membranes were hybridised with [α-32 P]dCTP-labelled cDNA derived from a single dentate gyrus punch using the Multiprime DNA labelling system (Amersham) and standard protocols (21) . Hybridised and washed dot-blots were analysed using a PhosphorImager (Molecular Dynamics).
RESULTS
Isolated removal of a specific brain region for expression profiling
We are interested in how glucocorticoids affect the morphology and function of the hippocampus, in particular with respect to their role in adrenalectomy-induced apoptosis in the rat dentate gyrus (22) . Since these effects are subfield-specific, e.g. the effects in the CA1 region are fundamentally different than in the dentate gyrus (23), we have developed a method which allows expression profiling in specifically removed apoptotic subfields of the inner blade of the dentate gyrus (Fig. 1, middle) . The region of interest is specifically removed from a 325 µm rat brain slice by punching it out with a hollow needle (0.3 mm in diameter) according to the Palkovits punch out method (20) . We chose the latter to microdissect the hippocampus, since it is relatively simple to perform and does not require any specialised microdissection equipment. Punching is performed on frozen unfixed and unstained material. Therefore, prior to punching, tissue sections cut on either side of the slice are stained to facilitate recognition of the dentate gyrus and thus removal of the correct region. In addition, the stained sections are checked for the presence of apoptosis. Combined with post-staining of the remainder of the slice after punching, only punches containing the region of interest and with a sufficient degree of apoptosis are included in the further procedure. Figure 1 shows an example of a correctly punched region of the dentate gyrus (Fig. 1, right) .
Total RNA isolated from a single punch was used as input material in a modified SAGE procedure. We estimate that a dentate gyrus punch contains a maximum of 10 5 cells. The amount of mRNA present is at most 1-5 ng, which is a factor of 500-5000 less than has been described so far as required input in the SAGE procedure.
Ditag amplification and isolation
In microSAGE (in contrast to SAGE) a limited number of additional PCR cycles (re-PCR) are performed on the excised ditag using the same primers in order to generate sufficient ditag for subsequent manipulations, a consequence of using minute amounts of input RNA. After an initial PCR of 25-28 cycles, the PCR products are size-separated on a gel and the region around 100 bp containing the amplified ditag (Fig. 2) is excised. After purification of the DNA from the gel slice, the required number of cycles of re-PCR is empirically determined, but restricted to a minimum, since the probability of PCR-based artefacts increases with the number of PCR cycles performed. An example of the initial PCR amplification and the re-PCR are shown in Figure 2A . Examples of the subsequent steps of the procedure, i.e. ditag isolation and concatenation, are given in Figure 2B and C, respectively.
A microSAGE expression profile of a single dentate gyrus punch
Using the procedure described above, a partial expression profile was obtained from a single dentate gyrus punch. After determination of the length of cloned ditag concatemers by PCR, clones containing an expected minimum of 15 tags were selected for sequence analysis. After sequencing 128 selected clones, a total of 1497 ditags was obtained. Of these 1497 ditags, 924 were unique, while 176 were encountered more than once. The repeated ditags were only included once in the analysis by the software to avoid bias due to PCR-based artefacts derived from preferential amplification of particular ditag species. Of the remaining 1100 ditags, 2200 tags could be extracted. 109 tags were discarded because they corresponded to linker sequences (see Discussion), whereas 299 tags were removed from the collection due to ambiguities in the sequence, leaving a total of 1792 tags. Among the remaining 1792 tags there were 1242 different species, ranging in frequency from 1 to 116. Sixteen percent of the tags were encountered more than once, while the vast majority of the tags (84%) were encountered only once (Table 2) .
Comparison with rat sequences in GenBank (Release 106.0, April 1998) gave hits for 55 of the 1242 tags (4%) ( Table 3) . Of these, 31 were hits with known rat genes and 24 with ESTs or other cDNA clones. This relatively low percentage of hits is due to under-representation of rat sequences compared with human and mouse sequences in public databases. For example, comparison with mouse sequences in GenBank (Release 99.0, February 1997) gave 206 hits (17%), almost four times as many as with rat but still considerably lower than reported previously in another SAGE study, where 54% of human tags matched GenBank entries (18) . Twenty-three tags had hits with both rat and mouse sequences, and in 13 cases (57%) the hit was with the exact mouse homolog of the rat gene. Therefore, the lack of rat GenBank entries can be partly compensated by comparing rat tags to mouse sequences, since there is an ∼50% chance of having a hit with the mouse homolog of the missing rat entry.
Some caution is due when a SAGE tag matches with an EST. In contrast to mRNA sequences, many of the EST sequences deposited in GenBank are numbered from the 3′-end towards the 5′-end. The tag sequences extracted by the SAGE software will in this case be adjacent to the most 5′ NlaIII site in a cDNA sequence instead of the most 3′ NlaIII site. In addition, the Table 2 . SAGE abundancy classes The tags are divided into different groups according to frequency of appearance among the 1792 tags comprising the expression profile. The number of tags giving a hit with an entry in GenBank (rat or mouse) is listed per abundancy class. Table 3 . Hits of tags with rat GenBank entries Listed are the tag sequence, the absolute tag frequency and frequency as a percentage of all 1792 tags and the matching GenBank entry with accession number. The tags matching with more than one gene are marked with an asterisk. The tags derived from rRNA are marked with a black square. The tags used for validation of the profile with reverse northern are underlined. extracted tag will be on the wrong side of the NlaIII site, resulting in a false match.
Of the 55 tags with GenBank matches, six matched perfectly with more than one gene (Table 3 , tags marked with an asterisk). In four of these cases the tag consisted of a low-complexity sequence with a high percentage of A residues which could be part of a poly(A) tail, explaining the match with multiple genes.
Since 1242 tags represent the mere tip of the iceberg of transcripts present in a cell or tissue, these tags are most likely derived from abundant transcripts encoding the basic structural cell elements. Accordingly, the matched tags included the housekeeping gene GAPDH and genes for several cytoskeletonassociated proteins such as myosin and the actin-binding proteins cofilin, profilin and vitamin D-binding protein (24) . In addition, genes encoding proteins involved in energy metabolism and protein synthesis were encountered among the tags, for example cytochrome B, cytochrome oxidase I and various ribosomal proteins. Also, some of the identified tags corresponded with genes known to be abundantly expressed in hippocampus, or more generally in brain, like the V1b vasopressin receptor (25) , a brain-specific K + channel (26) and a melatonin-related receptor (27) . In addition, some of the tags were derived from rRNAs (Table 3 , tags marked with a square), most likely caused by incomplete enrichment for polyadenylated RNAs.
Validation of the microSAGE expression profile
We used reverse northern blotting (28) (29) (30) to validate the data obtained with microSAGE. Six SAGE tags with GenBank hits (Table 3 , underlined tags: novel G protein-coupled receptor, myosin light chain, cofilin, Stat5b, GAPDH and melatonin-related receptor) were selected, the corresponding sequences retrieved and primer pairs designed for RT-PCR. Dot blots containing equimolar amounts of the six RT-PCR products were hybridised with radiolabelled cDNA derived from a single dentate gyrus punch. Of the selected six genes, four hybridised strongly, including GAPDH, a housekeeping gene known to be abundantly expressed (Fig. 3) .
DISCUSSION
The ability to look into a cell or tissue at a given time point to see which set of genes is expressed and to assess their relative levels, has enormous potential for the enhancement of our understanding of how cells work under normal conditions or how they become diseased. The SAGE method is a powerful expression profiling tool, allowing qualitative and quantitative analysis of thousands of transcripts simultaneously. However, a disadvantage of SAGE is the relatively large amount of input RNA that is necessary, making the method unsuitable for analysis of gene expression profiles in small tissue samples or microdissected parts of complex heterogeneous tissues consisting of multiple cell types.
To enable application of SAGE to small quantities of tissue, we have made several modifications to the original procedure (12) ( Table 1 ). The modifications mostly involve the first steps of the procedure, from RNA isolation to PCR, but leave the basic principles of SAGE unaltered. The original SAGE protocol is characterised by many sequential steps, each followed by a phenol-chloroform extraction and an ethanol precipitation to inactivate and remove enzymes and to purify and concentrate the material for use in the following reaction. However, these extraction and precipitation steps are renowned for the concomitant loss of material that can occur, especially if the amount of starting material is low. In our modified protocol, all steps from RNA isolation to tag release are performed in a single tube in which the RNA, and later the cDNA, remains immobilised to the wall of the tube by means of streptavidin-biotin binding (Table 1) . This obviates the need to perform a phenol-chloroform extraction and ethanol precipitation between each subsequent step. Enzymes of previous reactions are now simply removed by heat inactivation and disposal of the solution and after washing and a change of buffer the next reaction can be performed in the same tube. Consequently, the most important advantage of this single-tube procedure is a reduction of the number of manipulations and reduction of the accompanying loss of material. Furthermore, total RNA is used rather than poly(A) + RNA, obviating the need for an additional mRNA extraction step. Instead, the poly(A) + fraction is directly bound to the streptavidin-coated wall of the tube via annealing to a biotinylated oligo(dT) primer, which also serves as a primer in the subsequent cDNA synthesis. Another difference with the original protocol is that a limited number of cycles of re-PCR are performed on the gel-purified ditag band to generate sufficient ditag. From the PCR onward the protocol is essentially identical to the original. Using this modified procedure, called microSAGE, an expression profile can be obtained from as little as 1-5 ng of mRNA, allowing expression profiling in small tissue specimens or microdissected parts of complex heterogeneous tissues.
Quantitative validation of the obtained SAGE profile is difficult when using limited amounts of tissue, since insufficient RNA can be isolated from a single punch to perform, for example, northern blot analysis. Reverse northern blotting is a sensitive method to compare expression levels of different transcripts between two or more mRNA pools, but is less suitable for comparing expression levels within a single mRNA pool because of differences in length and hybridisation efficiency between probes. The observation that only four of the six tags validated with reverse northern gave a hybridisation signal could be due to the fact that the intensity of hybridisation is not proportional to the tag frequency in the microSAGE analysis or that it is not justified to directly compare hybridisation signals within a mRNA pool. The two overlapping GAPDH probes with different lengths, which do not exhibit exactly the same hybridisation intensity, exemplify this. Comparison of hybridisation intensities of the same probe under different conditions, e.g. in punch material from ADX rats compared with normal controls, using optimised hybridisation conditions is preferable. Another factor complicating the validation is that the 1792 tags characterised here form a random coincidental selection from the entire expression pool, representing only a small fraction of the estimated 50 000 different transcripts in a dentate gyrus punch. Therefore, it is most unlikely that the obtained distribution of tags paints an accurate quantitative picture of gene expression, since this would require sequencing of at least 10-fold more tags.
The use of minute amounts of starting material demands an amplification step to enable experimental manipulation. In the original SAGE procedure 25-28 cycles of PCR are performed to amplify the pool of ditags. Although this PCR step should be relatively free of bias since all ditags are of approximately equal length, it cannot be completely prevented that some ditag species are still preferentially amplified. This still does not jeopardise the quantitative aspect of the SAGE data, because the software, which counts each exclusive ditag combination only once, excludes any PCR artefacts. A high percentage of ditags excluded from analysis for this reason, however, does cause a reduction in the average number of analysed tags obtained per clone. The incidence of these artefacts increases exponentially with the number of PCR cycles performed. In particular, a single ditag species consisting of linker sequences had a high frequency among the excluded ditags (TCCCCGTACANNNTTAATAGGGA) (data not shown). At present it is not clear how this ditag is generated. It is therefore advisable to perform multiple parallel PCR reactions of fewer cycles each in order to generate sufficient amounts of ditag, rather than to push the PCR amplification to the limit of maximum yield.
The high percentage of different tags encountered only once (84%) is an indication of the high complexity of gene expression in the brain, even in a dentate gyrus punch which has a much reduced heterogeneity of cell types compared with the whole hippocampus. Striking is the fact that the most abundant tags mostly represent unknown genes. In general, the more abundant genes are well represented in GenBank. Explanations for this could be that these tags perhaps are derived from the so far unsequenced 3′-untranslated region of known genes or represent genes specifically expressed at a high level in dentate gyrus, since little is known about the overall gene expression in this subfield of the hippocampus.
In conclusion, we describe a modified SAGE procedure, microSAGE, suitable for expression profiling in limited amounts of tissue. We demonstrate the feasibility of microSAGE by obtaining an expression profile of a single dentate gyrus punch, containing a factor of at least 500-5000 less RNA than normally required for SAGE. This broadens the applications of SAGE enormously.
